Abstract The capsid of hepatitis B virus (HBV) is a major viral antigen and important diagnostic indicator. HBV capsids have prominent protrusions ('spikes') on their surface and are unique in having either T =3 or T =4 icosahedral symmetry. Mouse monoclonal and also human polyclonal antibodies bind either near the spike apices (historically the 'α-determinant') or in the 'floor' regions between them (the 'β-determinant'). Native mass spectrometry (MS) and gas-phase electrophoretic mobility molecular analysis (GEMMA) were used to monitor the titration of HBV capsids with the antigen-binding domain (Fab) of mAb 3120, which has long defined the β-determinant. Both methods readily distinguished Fab binding to the two capsid morphologies and could provide accurate masses and dimensions for these large immune complexes, which range up to~8 MDa. As such, native MS and GEMMA provide valuable alternatives to a more time-consuming cryoelectron microscopy analysis for preliminary characterisation of virus-antibody complexes.
Introduction
Hepatitis B virus (HBV) is a major cause of liver disease. In spite of the development of effective vaccines and antivirals for the prevention and treatment of HBV infections, the disease remains a serious health concern. Chronic infection elicits production of large amounts of anti-capsid antibodies, motivating studies to better understand the interaction of the HBV capsid antigen with anti-capsid antibodies. In HBV capsids, the capsid protein (Cp) forms, both in vitro and in vivo, particles with two icosahedrally symmetric morphologies, corresponding to the triangulation numbers T =4 and T =3 and consisting of 240 and 180 monomeric subunits, respectively [1] . Cp dimers are the building blocks for capsid formation and are stabilised by an intermolecular four-helix bundle and a disulphide bond within the bundle (Cys 61 ) [2] [3] [4] . Together, these two capsids are known as the hepatitis B core antigen (HBcAg). At a structural level, interaction of HBcAg with a number of antibodies has been investigated, mainly by Electronic supplementary material The online version of this article (doi:10.1007/s00216-013-7548-z) contains supplementary material, which is available to authorized users.
cryo-electron microscopy (cryo-EM) [5] [6] [7] [8] [9] [10] [11] . T =4 capsids have four quasi-equivalent variants of each epitope (designated A, B, C, D) whereas T =3 capsids have only three (A, B, C), all present in 60 copies per capsid. Note, however, that similarly named sites (e.g. the B-epitope on T =3 and the Bepitope on T =4) are not necessarily equivalent [12] . Data indicate both, that epitopes are quite diverse and that there can be pronounced variations in binding affinity between quasi-equivalent variants of a given epitope. The majority of mapped epitopes exist as conformational discontinuous epitopes, although one conformational linear epitope and one non-conformational linear epitope have also been observed [13, 14] . The locations of the majority of these epitopes have been mapped to the upper region of the four-helix bundle that constitutes the capsid spike. However, a distinct epitope has been identified for the monoclonal antibody 3120 [15] . Characterisation by cryo-EM of Fab 3120-binding mapped its epitope to the floor region of the capsids, and pronounced differences in the occupancies of the seven quasiequivalent variants of the epitope (from 0 to 100 %) were observed, reflecting differences in affinity arising from nuances in structure [15] . Since Fab 3120 detects, and has historically defined, the β-epitope on HBcAg [5] , it is commonly used in diagnostic assays. Furthermore, the antibody is specific for assembled capsids and does not bind to dimeric capsid subunits [16] . Among the human antibodies isolated from HBV clinical sera, some were shown to have a similar binding fingerprint [11] , indicating that 3120-like antibodies are a major component of the anti-HBcAg response to HBV infection.
Following the introduction of electrospray ionisation [17] , native mass spectrometry (MS) has emerged as a valuable technique for the characterisation of protein assemblies in terms of molecular weight (Mw), stoichiometry and structure. Application of this methodology to a variety of macromolecular systems, including viral particles [18] [19] [20] [21] , heterogeneous protein assemblies [22, 23] and membrane-bound protein assemblies [24] , has demonstrated that many structural properties of large non-covalent protein complexes can be partially preserved in the gas phase. Ion mobility mass spectrometry (IMMS) has more recently been coupled to native MS and yields additional information relating to size, shape and charge [25] [26] [27] [28] [29] . Next to native MS, gas-phase electrophoretic mobility molecular analysis (GEMMA) has emerged as an alternative method to characterise macromolecular particles such as protein complexes, viruses and virus-antibody complexes [30] [31] [32] [33] [34] [35] [36] [37] [38] . Both approaches commence with electrospray ionization (ESI) of protein assemblies from a pseudophysiological buffer (e.g. aqueous ammonium acetate). In native MS, the multiply charged ions that are produced undergo extensive desolvation and are subsequently separated by predominantly time-of-flight (ToF) mass analysers. In GEMMA, the initial ESI process is followed by charge manipulation that reduces the particles to singly charged ions that are separated by their electrophoretic mobility diameter (EMD) at atmospheric pressure, which corresponds to particle size in the case of globular analytes. Finally, they are detected by vapour condensation on the separated singly charged particles with subsequent laser light scattering [31, 39] .
In this study, we used a combination of ESI-based techniques, MS and GEMMA, to probe the interaction of Fab 3120 with HBcAg. We demonstrate the potential of these techniques for monitoring the concentration-dependent antibody-antigen binding process. We show that interactions of Fab 3120 with HBcAg can be maintained in the gas phase, enabling the separation and semi-quantitative monitoring of HBcAg-Fab complexes in the megadalton mass range. Most significantly, both techniques have the ability to distinguish between Fab 3120 binding to T =3 and T =4 capsids. Our native MS and GEMMA data were found to be in close agreement and consistent with earlier measurements made at a single Fab 3120/HBcAg dimer ratio by cryo-EM [15] . As such, they establish a proof-of-concept for analysing such virus-antibody immune complexes, qualitatively and semiquantitatively by ESI.
Materials and methods

Preparation of HBcAg capsids and Fab fragments and decoration of capsids with Fab
The Cp construct used, Cp149.3CA, consists of residues 1 to 149 in which the cysteines at positions 48, 61 and 107 have been changed to alanines. Cp149.3CA (abbreviated to Cp149 dimer) was expressed and purified in dimeric form as previously described [40] . Assembly into capsids was achieved via buffer exchange into aqueous ammonium acetate (200 mM) at pH 6.8 using an Amicon Ultra 0.5 mL centrifugal filter (Millipore, Billerica, MA) with a Mw cut-off of 5 kDa. Monoclonal antibody 3120 was purchased from the Institute of Immunology, Tokyo, Japan. Proteolytic digestion and purification of Fab 3120 was as previously reported [15] . Expression and purification of Fab E1 has been previously described [41] . Both Fab fragments were also buffer exchanged into aqueous ammonium acetate (200 mM) at pH 6.8. Capsids were decorated by mixing Fab with HBcAg at ratios of Fab/Cp149 dimer from 0:1 to 6:1. In the case of GEMMA measurements, assembly of intact capsids was achieved via buffer exchange into aqueous ammonium acetate (50 mM) at pH 6.8, as described above. The maximum mixing ratio used in GEMMA measurements of Fab-decorated capsids corresponded to a Fab/Cp149 dimer of 4:1.
Native mass spectrometry analysis High resolution (tandem) mass spectra were recorded on a modified Q-ToF instrument (Waters, Manchester, UK) in positive ion mode [42] . Xenon was used as the collision gas to increase the transmission of the HBcAg-Fab complexes [43] , and voltages and other gas pressures were optimised for large non-covalent protein complexes [44, 45] . Briefly, the capillary and cone voltages were kept constant at 1.25 kV and 150 V, respectively. The voltage before the collision cell (collision energy (CE)) was varied between 100 and 150 V for MS analysis. Ions were introduced into the source at a pressure of 10 mbar. Measurements at the different Fab to HBcAg mixing ratios were carried out either in duplicate or triplicate. In cases where charge state resolution was achieved for HBcAg, masses were determined for all ions detected in the charge state distribution. Since charge state resolution was not obtained for the Fab-bound HBcAg complexes, the m/z at maximum ion intensity for the T =3 and T =4 distributions was determined by multi-peak fitting of two Gaussian curves to the observed ion distributions using the software IGORPro [46] . Fab occupancy of HBcAg was deduced by comparison of the experimentally observed m/z (at maximum signal intensity) for the T =3 and T =4 capsids with the theoretical m/z predicted for all possible Fab occupancies up to a maximum of 90 Fab for T =3 capsids and 120 Fab for T =4 capsids. The smallest deviation between the theoretical m /z and the experimentally observed m /z determines the occupancy (see Electronic Supplementary Material Fig. S1 ). Calculation of the theoretical m /z of these complexes was achieved using a previously published correlation between mass and charge state [20] (see Electronic Supplementary Material Fig. S2 ). Errors, associated with defining the Fab occupancy, were estimated from the reproducibility of repeat measurements and averaged to encompass errors associated with measurements at pre-saturation and saturation mixing ratios.
Ion mobility (IM) measurements were performed on a Synapt HDMS G1 (Waters, Manchester, UK) [26, 28] . Generation of gas phase ions from native protein solution was achieved using a capillary voltage of 1.25 kV, cone voltage of 150 V and source pressure of 13.6 mbar. Argon was used as background gas, in both the trap and transfer TWave cells, at a flow rate of 3 mL/min with applied collision voltages of 120 and 80 V, respectively. Nitrogen was used in the IM cell for separation of ions by their mobility at a flow rate of 22 mL/min, a velocity of 250 m/s and ramped wave height of 2-25 V over 60 % of the IM separation (IMS) cycle. Collisional cross sections (CSSs) were determined using the experimentally measured IM drift times and through calibration with proteins of known cross sections [18, 19, 27, 47, 48] . Reported CCS values represent the average drift time across the ion distribution corresponding to a given HBcAg-Fab complex. The measurements were repeated at least twice.
ESI tips were prepared in-house from borosilicate glass tubes of 1.2 mm (outer diameter) by 0.68 mm (inner diameter) (World Precision Instruments, Sarasota, FL) using a P-97 micropipette puller (Sutter Instruments, Novato, CA). The ESI tips were gold coated using a Scancoat six Pirani 501 sputter coater (Edwards Laboratories, Milpitas, CA).
GEMMA analysis
GEMMA was carried out on an instrument (TSI Inc., Shoreview, MN) consisting of a nanoelectrospray source with a Po-210 charge reduction device (model 3480), an electrostatic classifier with a nanodifferential mobility analyzer (model 3080), and a butanol-driven condensation particle counter (model 3025A). HBcAg-Fab assemblies were electrosprayed from 0.5 mL Protein LoBind tubes (Eppendorf, Hamburg, Germany) via a cone-tipped fused silica capillary with 25 μm inner diameter (TSI Inc.) by application of~2.09±0.02 kV (resulting in~−394±17 nA current), 0.10 L/min CO 2 , 0.50 L/min particle-free air and a pressure difference of~290 mbar across the capillary. GEMMA spectra were recorded in the range 3-50 nm EMD by application of 15 L/min sheath flow and 120 s scan time. The resulting median values of ten GEMMA spectra were plotted. To assign the EMD value of a given peak, the peak apex was determined via fitting of a Gauss curve (Origin 8.6 software, Northampton, MA).
Determining the Fab occupancy of proteinaceous capsids by GEMMA depends on several geometric considerations [37] . In the case of the HBcAg-Fab complexes, the surface area of a sphere with a radius halfway between the unbound HBcAg and the HBcAg-Fab complex at saturation (A HBV complex ) was calculated. We initially employed an ellipsoidal shape for the Fab, with an ellipsoid height derived from GEMMA data and an ellipsoid radius of 2.5 nm [49] . However, upon formation of a saturated HBcAg-Fab complex, we did not observe an EMD consistent with the EMD of HBcAg plus twice the EMD of Fab, but instead a significantly lower value. We therefore considered compression of the Fab ellipsoid upon HBcAg binding (at a constant volume of Fab as calculated from its non-compressed form). For this compressed Fab ellipsoid, the maximum circle area at the semiminor axis (A Fab compr. ellipsoid ) was determined. Finally, to obtain the Fab occupancy of a given HBcAg-Fab complex, A HBV complex was related to A Fab compr. ellipsoid . Limitations to this approach include the following: (1) whilst the model considers the entire HBcAg surface to be covered by Fab, experimentally this is not the case, (2) attached water and salt residues might lead to an overestimation of the Fab EMD (an important basis of calculation) and (3) the actual HBcAg surface topology is not regarded, i.e. capsid deformation upon Fab binding or the Fab binding sites.
Errors associated with defining the Fab occupancy were estimated from the shift in EMD upon repeat measurements of a given HBcAg-Fab complex (EMD shift values of ±1 detection channel resulted in shifts of 0.06 nm for Fab and 0.30 nm for HBV capsids) and standard deviations for peak EMD assignment.
Results and discussion
Monitoring of Fab 3120 binding to HBcAg by native MS
The binding of Fab 3120 to HBcAg capsids was monitored at several Fab 3120/Cp149 dimer molar ratios (Fig. 1) . HBcAg alone is observed as two charge-resolved distributions centred around m /z 21,758 and 25,093 Th, and corresponding to the masses of T =3 and T =4 capsids, respectively (Fig. 1a) , in line with previously reported data [19] . Upon addition, Fab 3120 binds to both capsid morphologies. Charge state resolution is lost upon Fab binding, which hampers the accuracy of mass determinations. The loss of resolution likely results from two factors: heterogeneity in Fab binding and inefficient desolvation of the electrosprayed complexes [50] . Partial occupancy is observed at mixing ratios of Fab 3120/Cp149 dimer of 0.65:1 (Fig. 1b) resulting in a T =3 capsid with an average m /z at maximum intensity of 23,364 Th and for the T =4 capsid at m /z 27,842 Th. Partial occupancy is also observed at a mixing ratio of 1:1 (Fig. 1c) . Saturation is achieved at a Fab 3120/Cp149 dimer ratio of 4:1 for the T = 3 capsid (Fig. 1e) , whilst for the T =4 capsid, a significantly lower ratio is sufficient to saturate binding to the capsid (Fig. 1d) . We used the shift in m /z to estimate the number of Fab 3120 bound per capsid, following previously described approaches and as described in detail in the "Materials and methods" (see Electronic Supplementary Material Fig. S1 and S2) . In this way, the Fab-decorated T =3 capsids were estimated to have an average mass of 5.35 MDa and thus to bind, at saturation, an average complement of 49±4 Fabs. Similarly, decorated T =4 capsids were estimated to have an averaged mass of 7.98 MDa and hence to bind, on average, 83±5 Fabs.
Confidence in these numbers is increased by considering the T =3 distribution observed at lower mixing ratios, i.e. less than one Fab per dimer, whereby charge state resolution on the T =3 capsid is achieved at elevated collision voltages (CE). Combining precursor ion isolation of a specific ion in the T =3 charge state distribution with increased CE, charge stripping of the isolated precursor ion allows for the precise determination of the mass and derivation of Fab 3120 occupancy. Good agreement between the occupancies derived from the isolated charge stripped distribution and those calculated from the fitting of a Gaussian curve to the unresolved T =3 distribution in the MS data was obtained. At a Fab 3120/Cp149 dimer of 0.65:1, the average m /z at maximum signal intensity predicts 10 Fab 3120 bind to the T =3 capsid. Isolation of m /z 23,604 Th and subsequent charge stripping at a CE of 150 V led to a distribution also corresponding to~9 bound Fab 3120 (see Electronic Supplementary Material Fig. S3 ).
Monitoring Fab 3120 binding to HBcAg by GEMMA
Although native MS and GEMMA share some commonality in their mode of ion generation by ESI, they differ substantially in their means of separation and detection. Specifically, native MS measures the m/z of multiply charged ions, while GEMMA measures the electrophoretic mobility (EM) of singly charged ions (obtained after charge reduction in a bipolar atmosphere), which is subsequently converted to an EMD. In Fig. 2 , the HBcAg signals produced by the two approaches are compared. These data compare favourably, with singly charged T = 3 and T = 4 capsids detected by GEMMA (Fig. 2a) , and the highly charged ions of these particles analysed by native MS (Fig. 2b) , giving similar values. By MS, an average charge state of the T =3 capsid at +140 and T =4 capsid at +161 are observed (Fig. 2b) . Both techniques yield similar values for the ratio of T =3/T =4 capsids,~1:3. Hence, whilst the mechanisms of particle preparation and analysis are quite different, the results obtained are in good qualitative and quantitative agreement.
Next, a similar set of Fab/HBcAg mixtures was used to monitor the binding of Fab 3120 to HBcAg by GEMMA. As with native MS, Fab-bound capsids were observed at a resolution capable of distinguishing T =3 from T =4 (Fig. 3) . As expected, the EMD was observed to increase upon Fab binding, and increasing the amount of Fab 3120 relative to HBcAg led to increased occupancy up to the point of saturation, as also observed by native MS. Employing geometrical considerations (see 'Materials and methods'), the number of bound Fab could be estimated, giving 38±3 Fabs per T =3 capsid and 56±6 Fabs per T =4 capsid at saturation.
Comparing the binding behaviour of Fab 3120 to T =3 and T =4 capsids
The amount of Fab 3120 bound by HBcAg depends on the relative amount of Fab available (Fig. 1) . However, native MS and GEMMA both show that T =3 and T =4 capsids differ in their saturation points for Fab binding. T =3 capsids saturate at a Fab 3120/Cp149 dimer ratio of 2.4:1±0.1, compared to the near-stoichiometric ratio of 1.4:1 ± 0.1 for T =4 capsids (Fig. 4) . To better understand this difference, it is necessary to consider the geometry of the capsids. On the T =4 capsid of the six potential epitope sites around each twofold axis (each bridging the B-C, D-B and C-D subunit interfaces), cryo-EM has shown that only the C-D epitopes are occupied and they occlude the other four sites [15] (Fig. 5) . In addition, of the five A-A epitopes around each fivefold axis, only one is occupied and the Fab bound there occludes the other four sites. In the case of the T =3 capsid, the proposed binding is different (Fig. 5) . No binding is observed at any of the six potential sites around the threefold axis, and two of the five sites around each fivefold axis are occupied owing to a change in binding aspect vis-à-vis the T =4 capsid. Hence, these major differences in the mode of binding between the quasiequivalent sites of the two capsids correlates with the larger molar excess of Fab 3120 required for T =3 saturation compared to T =4. It is likely that the differing occupancies reflect the differing affinities and consequently, the amount of Fab required for saturation. This decrease in affinity for Fab binding to the T =3 capsid may be due to slight distortion of the 3120 epitope, perhaps an alteration of the angles between two adjacent dimers by the greater curvature of the T =3 lattice.
Quantitative comparison of the number of Fab 3120 molecules bound to T =3 and T =4 capsids, derived from native MS, GEMMA and cryo-EM (Fig. 6) shows reasonable agreement. We feel the observed discrepancies originate more from uncertainties inherent to a given technique, since the technical reproducibility within a single method is very high (estimated at ±~10 % of the occupancy). From this data, we see that native MS overestimates the occupancy compared to cryo-EM and this likely results from non-specific adduct formation and the lack of a suitable calibration method, whereby appropriate calibrants at the masses associated with the HBcAg-Fab complexes are not readily available (see Electronic Supplementary  Material Fig. S2 ). It has been well documented that during the ESI process, the increase in ligand concentration that occurs during the desolvation process of droplets can lead to nonspecific binding [21, 51] . A similar reasoning can be used for Fig. 2 a GEMMA spectrum corresponding to 2.2 μM HBcAg in 50 mM ammonium acetate, pH 6.8; b Mass spectrum for 8 μM HBcAg in 200 mM ammonium acetate, pH 6.8 Fig. 3 Overlay of GEMMA spectra corresponding to 1 μM unbound HBcAg and 2:1 (2:1 μM) Fab 3120/HBcAg (HBcAg in terms of Cp149 dimer concentration). Fab 3120-bound HBcAg has been scaled relative to the HBcAg distribution cases where GEMMA also overestimates the occupancy (also see 'Materials and methods'), although GEMMA and cryo-EM seem to agree within the determined error range. On the other hand, cryo-EM data may underestimate the amount of Fab bound, since there is a detection threshold. These data are based on measuring ratios of Fab density to Cp density in the reconstruction (the latter is assumed to have 100 % occupancy). Fabs bound at low occupancies beneath this threshold cannot be distinguished from background noise. For these reconstructions, we estimate this threshold to be about 15 % [15] . This means that there might be up to six undetected Fabs per T =3 capsid bound to the apparently unoccupied sites around its threefold axes (6=20×2×0.15). The calculation envisages two potential bindings per threefold Fig. 4 Occupancy of T =3 capsids (a and c) and T =4 capsids (b and d) by Fab 3120 at different mixing ratios of Cp149 dimer/Fab 3120, as derived from MS (a and b) and GEMMA (c and d) measurements. Error bars on the MS data represent multiple measurements for a given mixing ratio. GEMMA measurements were averaged prior to the determination of the number of bound Fab. Two lines have been fitted to the data; pre-saturation and saturation. The fitted line at saturation is an average of the mixing ratios at which saturation was observed [15] . This consideration of potential underestimation does not apply to the other potential sites for epitope 3120, which are all taken to have 100 % occupancy, subject to mutual occlusion effects.
Nevertheless, it is significant that all techniques indicate a higher degree of binding for the T =4 capsid compared to the T =3 capsid which is in good agreement with our observations of Fab 3120 binding more readily to T =4 compared to T =3.
Estimating particle size by IMMS and GEMMA In addition to providing an estimate of the mass of a particle, MS (and in particular IMMS) and GEMMA can also estimate their size, or diameter, assuming them to be approximately spherical. In IMMS, ions migrate through a neutral buffer gas under the influence of a weak electric field, whereby they separate according to their size, shape and charge [27, 29] . The resulting experimentally determined drift time is converted to a rotationally averaged collisional cross section (CCS), from which the diameter is derived. In GEMMA, the particle diameter can be similarly derived, though in this case from the electrophoretic mobility of singly charged ions through a bipolar gas [31, 39] .
IMMS-derived diameters of unbound T =3 and T =4 capsids, 30.5±0.6 nm and 34.3±0.9 nm, respectively (four replicates), are consistent with previously published IMMS data [18] and in good agreement with cryo-EM data, according to which the unbound HBcAg capsids are hollow shells with diameters of 32 nm (T =3) and 36 nm (T =4) [1] (Fig. 7) .
Furthermore, upon Fab 3120 binding, a similar increase in diameter is observed by IMMS and cryo-EM (Fig. 7) . Diameters derived from GEMMA measurements were however considerably smaller than those observed by IMMS or cryo-EM, an effect consistent with previously published GEMMA data [37, 38] . Potential reasons include the desolvation of particles during the GEMMA process [52, 53] , although this is unlikely since this effect is not observed in the IMMS data (also obtained at ambient pressure). More probable is the calibration method employed which lacks well-defined values in the high mass region. By scaling the EMD values via a somewhat arbitrary recalibration (multiplicative factor of 1.3 obtained upon comparison of cryo-EM and GEMMA data for unbound HBcAg), the resulting values indicated a more similar increase in HBcAg diameter upon Fab binding as observed by cryo-EM and IMMS (Fig. 7) .
That the masses and dimensions obtained by IMMS and GEMMA are in good agreement with those previously obtained in the hydrated state by cryo-EM implies that the structures of the capsids, and the Fabs, are largely retained in vacuo during our MS analysis. That the 3120 epitope is conformational further supports the assumption that the capsids retain much of their native structure in the gas phase.
Monitoring of Fab E1 binding to HBcAg
The potential of MS and GEMMA for rapid characterisation of immune complexes led us to explore the binding of a second antibody, this time directed at the α-determinant, Fig. 6 Comparison of the number of Fab 3120 bound to both T =3 and T =4 capsids (at Fab saturation) as derived from mass spectrometry (M), GEMMA (G) and cryo-EM (E) analysis. The % occupancy is determined by the number of bound Fab 3120 as a ratio of the number of capsid dimers (90 for T =3 and 120 for T =4) Fig. 7 Comparison of capsid diameters for (1) T =3, (2) T =4, (3) Fab 3120-bound T =3, (4) Fab 3120-bound T =4, as determined by IMMS (M; maximum standard deviation for repeat IMMS measurements= ±0.6 nm), GEMMA (G; GEMMA-derived diameters scaled to the diameters of unbound capsids as determined by cryo-EM) and cryo-EM (E; taken from [1, 15]) located on the spike. Fab E1 is derived from IgG associated with HBV-induced acute liver failure [54] . The binding of Fab E1 to HBcAg was monitored essentially as described above (see Electronic Supplementary Material Fig. S4 and S5) . Native MS and GEMMA indicated similar trends in that occupancy is highly dependent on the amount of Fab available, whereby at low mixing ratios of Fab E1 to HBcAg, HBcAg occupancy is suboptimal and only as the mixing ratios approach stoichiometric amounts is saturation reached (average Fab E1/Cp149 dimer, 1.2:1±0.1 for both T =3 and T =4). Comparison of Fab E1 binding (at saturation) derived from native MS and GEMMA measurements showed good agreement in the relative amounts of Fab E1 that binds the T =4 capsid compared to the T =3 capsid (T =4/T =3 of 1.34 from native MS and 1.32 from GEMMA). These numbers are consistent with the cryo-EM-derived account relating the amount of Fab E1 that binds to the number of available capsid spikes (the ratio of available spikes between the two capsids is 120:90, i.e. 1.33). The similar trends observed for Fab E1 binding to both T =3 and T =4 capsids, with similar mixing ratios required for saturation, suggests that there is a basic difference between the Fab E1 epitope and the 3120 epitope. This may reflect the peripheral location of E1 binding to the spike, whereas the Fab 3120 epitope involves residues from two Cp dimers in the floor region. The increase in capsid diameter upon Fab E1 binding was similar to that observed upon Fab 3120 binding (~20-30 % for both capsid forms), indicating that whilst native MS and GEMMA can detect the increase in diameter, they cannot yet discriminate between the binding of Fabs to different epitopes.
Conclusions
The presence of two different icosahedral capsids (T =3 and T =4) by HBcAg, in vitro and in vivo, is quite unusual in comparison to other viruses, in which the T number tends to be a uniquely defined property. The reason for the formation of these two capsids remains elusive and little is known about their differing properties. Here, we reveal by native MS and GEMMA differences in binding properties of the T =3 and T =4 capsids to a naturally occurring HBV antibody. This capability highlights that there are clear differences between the surface properties of the two capsids that affect their respective antigenicity. Using ESI coupled to native MS and GEMMA, we have shown that complexes of capsids and antibodies can be maintained in the gas phase, even when such particle masses approach 8 MDa. Additionally, we have used MS and GEMMA to monitor the titration of HBcAg with two different Fabs and shown how Fab occupancy of the HBcAg depends on the availability of Fab. This represents a unique application of both native MS and GEMMA and demonstrates that these techniques can be used to rapidly characterise binding interactions. Further refinement of the Fab occupancy could be made using cryo-EM, but only at the cost of increased analysis time. MS and GEMMA have the potential to enable the rapid analysis of very large, heterogeneous and dynamic macromolecular systems.
